ABSTRACT: Multiplex analysis of genetic markers has become increasingly important in a number of fields, including DNA diagnostics and human identity testing. Two methods for examination of single nucleotide polymorphisms (SNPs) with a potential for a high degree of multiplex analysis of markers are primer extension with fluorescence detection, and allele-specific hybridization using flow cytometry. In this paper, we examined 50 different SNPs on the Y-chromosome using three primer extension multiplexes and five hybridization multiplex assays. For certain loci, the allele-specific hybridization method exhibited sizable background signal from the absent alternate allele. However, 100% concordance (>2000 alleles) was observed in ten markers that were typed using both methods. A total of 18 unique haplogroups out of a possible 45 were observed in a group of 229 U.S. African American and Caucasian males with the majority of samples being assigned into 2 of the 18 haplogroups.
In recent years, single nucleotide polymorphisms (SNPs) have become more widely used in a variety of applications, including medical diagnostics, population genetics, and human identity testing (1, 2) . The ability to analyze a number of SNP markers in parallel relies on multiplex amplification and detection formats (3) . Two SNP detection formats capable of multiplex analysis are allelespecific primer extension (ASPE) and allele-specific hybridization (ASH), which we use here to examine variation along the Y-chromosome.
The lack of recombination along most of the Y-chromosome makes it a useful tool in human evolutionary studies and assessing male migration patterns (4) (5) (6) (7) (8) (9) (10) . Y-chromosome markers have also been used in attempts to address some interesting historical questions (11, 12) . Analysis of Y-SNP markers has typically been done with manual techniques such as restriction digestion of PCR products (10, 13) or by procedures that can only examine one or two markers simultaneously such as allele-specific PCR (7), denaturing high performance liquid chromatography (5) , melting curve analysis (14) , and real-time PCR (15) . More recently, microarrays (16) , time-of-flight mass spectrometry (17) , and fluorescent primer extension (10, 18) have been applied to Y-SNP analysis in order to type multiple markers in parallel.
In an effort to evaluate the usefulness of Y-chromosome SNP markers for human identity applications, we constructed several novel multiplex ASPE assays and utilized a new commercial ASH 
Primer Design for ASPE
The overall strategy for multiplex primer design was used as reported by Schoske et al. (24) . All primers (in the primer extension assays) were designed for compatibility (lack of primer-dimer formation) although various subsets were employed for detection purposes. PCR primers used in the primer extension assays are listed in Table 2 along with the GenBank R source of the reference sequences they were designed against.
The extension primers, designed in three multiplex sets labeled A, B, and C for 18 of the 50 Y-SNPs, are listed in Table 3 . The remaining 32 Y-SNPs were examined with the ASH approach and ten of the loci were typed with both ASH and ASPE methods. Extension primers were selected to have a predicted annealing temperature of approximately 60
• C and were screened for hairpin and primerdimer interactions using an in-house primer-checking program (24) .
PCR Amplification
Desalted oligonucleotides were purchased from Qiagen Operon (Alameda, CA) and primer integrity was confirmed using time-offlight mass spectrometry (25) . Primers were combined in equimolar ratios at a concentration of 0.5 µmole/L and tested with 2 ng DNA template.
Amplifications were performed in reaction volumes of either 7 or 15 µL using a master mix containing 1X GeneAmp R PCR Gold buffer (Applied Biosystems, Foster City, CA), 5 mmol/L MgCl 2 , 250 µmol/L deoxynucleotide triphosphates (dNTPs; Promega Corporation, Madison, WI), 0.16 mg/mL bovine serum albumin (BSA) fraction V (Sigma, St. Louis, MO), and 1 unit of AmpliTaq Gold R DNA polymerase (Applied Biosystems). The thermal cycling program was carried out on a GeneAmp 9700 (Applied Biosystems) using the following conditions in 9600-emulation mode (i.e., ramp speeds of 1
• C/s) (26):
95
• C for 10 min; 3 cycles of {95
• C for 30 s, 50
• C for 55 s, 72
• C for 30 s}; 19 cycles of {95
• C for 30 s}; 11 cycles of {95
• C for 30 s, 55
• C for 30 s}; 72
• C for 7 min; 4
• C until removed from thermocycler.
Following PCR amplification, unincorporated primers and dNTPs were removed by adding 3 µL of ExoSAP-IT R (USB Corp., Cleveland, OH) to each 7 µL PCR reaction (or 6 µL of ExoSAP-IT R to a 15 µL PCR reaction). Reactions were mixed briefly and incubated at 37
• C for 90 min and then 80
• C for 20 min to inactivate the enzymes.
ASPE Assay Using Fluorescence Detection
Multiplex primer extension reactions were carried out in a total volume of 10 µL using 2.5 µL of ABI Prism R SNaPshot TM multiplex kit mix (Applied Biosystems), 0.5 µL of 10X AmpliTaq Gold R PCR buffer, 3 µL of PCR template, 3 µL of water, and 1 µL of a stock solution of extension primers to produce the final primer concentrations indicated in Table 3 . Extension reactions were incubated as follows: 25 cycles of 96
• C for 10 s, 50
• C for 5 s, and 60
• C for 30 s. Excess fluorescently labeled ddNTPs were inactivated by addition of 1 unit of shrimp alkaline phosphatase (SAP). Reactions were mixed briefly and incubated at 37
• C for 30 min then 80
• C for 20 min.
A 0.9 µL aliquot of each SAP-treated primer extension product was diluted in 14 µL Hi-Di TM formamide and 0.4 µL GS120-LIZ internal size standard (Applied Biosystems) and analyzed on the 16-capillary ABI Prism R 3100 Genetic Analyzer (Applied Biosystems) using filter set E5 without prior denaturation of samples. Samples were injected electrokinetically for 13 s at 1 kV. Separations were performed in approximately 30 min on a 36 cm array using POP TM -6 (Applied Biosystems). Automated allele calls were made in Genotyper R 3.7 using an in-house macro based on fragment size and dye color.
Results
The 50 markers examined here define 45 of the 153 YCC haplogroups described in a recent publication (22) . Figure 1 illustrates the position of each Y-SNP on the YCC tree and highlights markers that are common between the two assay formats (boxed).
Haplogroup Frequencies for African American and Caucasian Samples
We examined 114 U.S. Caucasians and 115 African American samples across these 50 Y-SNPs. A total of 18 different haplogroups were observed out of a possible 45 defined by these 50 Y-SNPs (Fig. 1) . A majority of the African American samples (58%) fell in the E3a haplogroup as they were derived at M2 (sometimes designated DYS271 or sY81) (13) . The derived allele was observed in a majority of the Caucasian samples for Y-SNP markers M207 and P25 and thus can be placed in the R haplogroup. A number of African Americans were also in haplogroup R(xR1a,R1b) and R1b, demonstrating that admixture may be present at a level of ∼30% as recently reported using Y-STR data (27) . YCC haplogroups unique to African American samples in this dataset included A1, B * , B2a, E1, E2, and E3a. Haplogroups unique to the Caucasian samples were E * , E3 * , J2, K * , N3, R1a1, and R1b6. Haplogroups shared between these two sample sets included E3b, G, I, R(xR1a,R1b), and R1b (Fig. 1) .
Concordance in Allele Calls Between ASPE and ASH
The ten markers in common between the ASPE and ASH methods used here are shown boxed in Fig. 1 . They include M174, M33, M75, M35, M170, M172, M11, M119, M124, and M3. We observed full concordance between allele calls made with the primer extension and hybridization methods across almost 2300 allele calls (10 loci × 229 samples). Both methods had an allele calling success rate of over 99%. With 190 samples for the five combined multiplex ASH assays, 8109 allele calls resulted out of a possible 8170 for a success rate of 99.3%. For the three ASPE assays (Fig. 2) , 3389 calls were obtained from a possible 3420 allele calls for a success rate of 99.1%. Typically, when a sample failed across all markers in a multiplex, it was due to PCR failure (data not shown). Occasionally 1-3 markers would drop out of an ASPE hexaplex. This could possibly be attributed to polymorphisms in the primer-binding region specific to that method. However, no sequencing experiments have been performed yet to confirm this hypothesis.
Allele Ratios with ASH Assays
With the ASH method, allele calls are made based on the highest signal observed when both alleles are examined for a SNP marker. Single-copy Y-SNPs are expected to be homozygous in all single-source samples because of the haploid nature of the Ychromosome. Characterizing the amount of signal observed from the alternate allele, which should be absent in a haploid system in single-source samples, is valuable to see how well a system would be able to handle potential mixtures of two male DNA samples (see Table 4 ).
On average the signal from the alternate alelle comprised 18% (±14%) of the called "true" allele signal intensity. We observed four instances of "heterozygous" signals from both possible alleles 
FIG. 2-Results from three primer extension assays on ABI 3100 using ASPE assays. Typical electropherograms for the three 6-plex Y-SNP assays are shown. The PCR and ASPE primers sequences for multiplexes A, B, and C are contained in Tables 2 and 3. The color of each peak indicates the identity of the enzymatically incorporated ddNTP in the primer extension reaction. Each ddNTP is labeled with a unique fluorescent dye (R = ddTTP, BL = ddGTP, G = ddATP and BK = ddCTP). The Y-SNP locus corresponding to each peak, allele call, and peak color are shown. The length of each extension primer, in nucleotide units, was estimated by comparison to the GS120 LIZ size standard (data not shown).
with the ASH methodology (out of 9600 possible allele calls) for single-copy Y-SNPs. At locus M168 both the C and T alleles were observed with almost equal intensities (C:T = 0.88, 0.94, 0.98, data not shown) in three African American samples that fell in YCC haplogroups A and B (ancestral state for M168). In addition, the M31 marker exhibited both G and C alleles (G:C = 0.82, data not shown) at the one African American sample that was in haplogroup A1 (derived state for M31). In all other cases with the exception of the multi-copy Y-SNP P25 (22) , there was a dominant single allele observed with the ASH approach. Two female samples were tested and yielded a negligible signal above background with 2 ng of DNA template. No attempts were made in this study to examine higher amounts of female DNA. Y-SNPs M168 and M31 were typed using only the ASH approach. The sequences of the PCR primers and ASH probes are currently unknown (proprietary to Marligen). This makes it difficult to determine the exact nature of "heterozygous" signal from M168 and M31. It may be possible that the sequence surrounding these SNP sites has been duplicated somewhere else on the Y-chromosome, but BLAST queries of the most recent human genome reference sequence have not indicated such a problem.
Analysis of X and Y allele ratios for amelogenin across the 229 male samples revealed an average ratio of 0.99 with a standard deviation of 0.06. Only six males fell outside the allele signal ratio of 0.80-1.20. One of these samples exhibited loss of the X amelogenin allele when typed by Identifiler (21) . The loss of the amelogenin X allele with PCR primers used for sex typing in Applied Biosystem's kits has been reported previously (28) . Shewale et al. observed three out of 7220 males tested to have this loss of the amelogenin X allele, which was recovered when these samples were amplified with a different amelogenin primer set. Although we do not know where the Marligen amelogenin PCR and SNP ASH probes are located, it is possible that some of these more variable X/Y ratio samples have one or more polymorphisms in the template DNA that impact hybridization of the PCR primers or the hybridization probe. By contrast, the X-to-Y allele ratio for the two females examined in our study using the Signet kit was 13.8 and 19.4. Thus, the amelogenin X and Y alleles, which should be approximately equal in amount in males, do in fact show up that way in our data. The histograms plotted in Fig. 3 indicate the average signal intensity for each locus when typed by the ASH assay (for samples residing the R1b haplogroup). As can be seen in Fig. 3 , there is a sizable background in many cases for the alternate Y-SNP allele. This is likely due to the difficulty of distinguishing single-base mismatches by hybridization alone under uniform temperature conditions across all SNP alleles.
Multi-Copy Y-SNP P25
The ability to accurately type the Y-SNP marker P25 is important due to the fact that it defines the most common Y haplogroup, R1b, observed within our sample groups. P25 is a multi-copy locus that is present three times within a highly palindromic region (29) of the Y-chromosome at 24.1, 25.9, and 26.6 megabases (Table 1) . When comparing the sequences of the three GenBank entries (AC016911, AC016698, and AF257064) the allele identity of P25 SNP position for all three is "C." This is consistent with ASH and 
ASPE typing results that exhibit "background" signal for the "C" allele. The multi-copy nature of P25 presents problems for simple interpretation of ASH data because the signal for the "A" allele is never greater than that of the "C" allele. This is illustrated in a histogram plot shown in panel A of Fig. 4 . Samples were therefore typed by calculating the ratio between the A and C allele signal intensity. The peak ratios fell into two categories of 1.7 (±0.1) and 3.2 (±0.2) with well-defined signal variation. An "A" call is made when the ratio of C-to-A signal is 1.7 (±0.1) while a "C" allele call is assigned to a 3.2 (±0.2) ratio for C-to-A signal. It is therefore possible to call single-source samples accurately by examining the C-to-A allele signal ratio. Panel B of Fig. 4 is an example of ASPE data for the P25 locus. A "C" allele is represented by a single peak (black) while the "A" allele is called when both A (green) and C (black) peaks are observed.
Discussion

Experimental Aspects of ASH and ASPE Assays
The primer extension technique described here provided a cleaner background than ASH. In spite of high background with the alternate alleles in ASH, allele calls were fully concordant in overlapping markers between ASPE and ASH SNP typing technologies with single-source DNA samples. The three hexaplex ASPE assays illustrated in Fig. 2 did not exhibit a background signal (i.e. , signal from the alternate allele) when evaluating over 4100 allele calls. In forensic situations where the potential of mixed-source samples exists, a technique with little to no background for an absent allele is advantageous. The use of single-copy Y-SNPs is also desirable over multi-copy ones such as P25 where result interpretation is more complicated.
The ability to detect multiple SNPs in a single reaction with the ASPE format is accomplished by employing tailed extension primers. Extension primers for this purpose typically range in size up to 60 bases. Higher levels of multiplexing require longer tailed primers, which usually necessitate highperformance liquid chromatography (HPLC) purification (30) . Purified primers add additional cost to the assay, especially when the initial goal may be to only screen/evaluate for useful markers.
An 
Multiplex ASPE Development
Several other groups have used ASPE for Y-SNP analysis. Inagaki and co-workers (18) examined 15 Y-SNPs in two SNaPshot multiplexes and observed 13 different haplogroups in 159 Japanese males tested. Kayser and co-workers (10) also used ASPE assays to examine M95, M104, M173, M210, and M217 as part of a study of New Guinea populations. In this study, the rationale for developing multiple ASPE 6-plex assays versus a single 18-plex was to decrease overall assay development time. Typically, increasing the number of loci probed results simultaneously in an increase in multiplex assay development time. Issues pertaining to PCR primer compatibility and nonspecific template binding can complicate development of robust multiplex assays. The PCR and extension primers for the three 6-plex assays shown here provided successful typing results in a single round of design using our strategy described previously (24, 31) . The goal of typing the 50 Y-SNP loci over a cohort of U.S. samples was to determine their diversity. The typing results indicated that 26 of the 50 Y-SNP loci did not exhibit any variation (see Table 1 ). Designing medium-size (e.g., 6-plex) PCR and primer extension assays allowed rapid evaluation of candidate Y-SNP loci without investing great effort in developing a larger multiplex that might contain noninformative loci in the sample set of interest. Once the most informative Y-SNP loci are identified, efforts will be directed towards developing a higher multiplexed primer extension assay, similar to the 35-plex demonstrated by Sanchez et al. (30) . 
Sample Consumption
A hierarchic genotyping approach in which only a subset of Y-SNP markers is examined once the branch of the tree has been determined (17) is usually necessitated by limited amounts of DNA available on many of the population samples examined (5) . However, with multiplex assays such as described here, rapid analysis of large numbers of markers is possible while consuming only a small amount of genomic DNA. We consumed only 16 ng of each DNA sample in obtaining the results from the 50 Y-SNPs. With further optimization of reaction conditions, consumption of less than 5 or 10 ng of DNA should be easily achievable as has been demonstrated by Sanchez et al. (30) . In addition, if an optimized set of markers with fewer loci were assayed, the correct Y-SNP haplogroup could be ascertained while consuming less than a nanogram of template DNA. Typically 10-20 ng (8), 30 ng (7), and even 50 ng (5) are needed for each marker when run with singleplex analyses. Even multiplex assays that do not employ fluorescent detection methods required as much as 60 ng DNA for each reaction (17) . Thus, the assays reported in this study represent an improvement in reducing the consumption of DNA template while providing a rapid examination of a number of Y-SNP markers covering the major haplogroups in the YCC tree (22) .
Reliability of Marker Positions of YCC Phylogenetic Tree
In all cases with our 229 samples tested, the YCC tree marker positions were robust across the 50 Y-SNPs we examined. If a derived allele was observed at a particular Y-SNP that took one down a branch of the YCC tree, no other derived alleles were observed outside of that branch of the tree. The redundancy of many of these Y-SNPs in terms of tree position permits a degree of internal quality control. For example, a sample should not possess the derived allele for both M9 and M170 since M170 defines YCC haplogroup I and M9 defines nonoverlapping haplogroups K through R.
Y-SNPs Specific to a U.S. Sample Group
While there is a degree of admixture between U.S. African American and Caucasian samples that has been noted with Y-STR data (27) , Y-SNPs have been proposed as genetic markers for inferring the population-of-origin for a crime scene stain should that ability be desired in the future (2). For our purposes a good candidate marker for inferring population-of-origin should be specific to a group and should exist in most, if not all, individuals associated with the group. However, our data suggest that currently available Y-SNPs will have little value for reliably inferring populations-oforigin from U.S. male DNA samples. For example, in our dataset the derived allele for M2 (defining haplogroup E3a) was exclusive to African Americans. However, only ∼58% of the African American males examined were derived at M2 with 23% of the total samples falling into a common Caucasian haplogroup (R1b). Other than M2, no other Y-SNP markers were uniquely observed to an extent of greater than 6% in either our Caucasian or African American samples.
Towards Optimal Marker Sets
Most studies conducted to date with Y-SNPs have been from diverse populations with sample sizes of less than 100 samples per population. For example, although Underhill and co-workers (5) examined 1062 males, only two of the 21 different populations analyzed contained more than 100 individuals. In another survey of 1935 men with 23 Y-SNPs, 49 different Eurasian populations were studied (7). The purpose of these studies is typically to examine similarities or differences between populations rather than to evaluate the ability of Y-SNP markers to distinguish between individuals in the same population. Without typing an appropriate number of samples using additional Y-SNP markers, it may be difficult to assess which markers will be useful in forensically relevant datasets if these markers are going to be used for human identity applications (2) .
The major haplogroups seen in our U.S. samples (i.e., E3a for African Americans and R1b for U.S. Caucasians) are in agreement with unpublished results collected by Chris Tyler-Smith's lab at Oxford University (Chris Tyler-Smith, personal communication). It is interesting to note that simple analysis of only two Y-SNPs, M2 and P25, would have accurately reflected over 60% of the 229 samples in these U.S. sample datasets. Additional information from the other 48 markers typed did not further refine the position of these samples on the YCC haplogroup tree. The results summarized in Fig. 1 demonstrate that a majority of the markers were not useful in classifying the 18 observed haplogroups. Rather, the same results could have been obtained with far fewer markers. Over 77% of the samples could have been assigned into specific Y haplogroups using only the markers M2, P25, and M170. Taking the entire dataset into account, only eight of 229 samples were observed once for a specific haplogroup. Unfortunately, as can be seen by the results summarized, the Y-SNPs examined here do not appear very useful for application to forensic problems where it would be advantageous to separate all individuals tested into unique types. Additional Y-SNPs will need to be discovered in individuals residing in the R1b and E3a haplogroups to potentially enhance the forensic utility of Y-SNP markers. If Y-SNPs are used at all in future forensic applications, it will likely be in conjunction with Y-STR information (31) .
